Apoprotein E (apoE) is synthesized by a number of tissues including the liver, brain, adipose tissue, and artery wall. The majority of apoE is found in the plasma associated with specific lipoprotein subclasses and is derived primarily from the liver. However the fact that apoE expression is sustained in nonhepatic tissues suggests that the local production must have some unique functional attribute. ApoE is involved in many steps in lipid and lipoprotein homeostasis, for the triglyceride-rich lipoproteins and for HDL. ApoE is also important for lipid homeostasis in the brain, artery wall, and adipose tissue through its synthesis by glial cells, adipocytes, and macrophages. In addition, nonlipid related functions have also been attributed to apoE, including effects on immune response and inflammation, oxidation, and smooth muscle proliferation and migration. Some of these effects have been shown to be dependent upon different domains of the protein, different concentrations, and lipidation state. Thus, this multifunctional protein impacts normal and pathophysiology at multiple levels.-Getz, G. S., and C. A. Reardon. Apoprotein E as a lipid transport and signaling protein in the blood, liver, and ar tery wall.
Supplementary key words adipose tissue • antiinflammatory • antioxidant • proliferation • reverse cholesterol transport Apolipoprotein E (apoE) has received a great deal of attention as a risk factor for both atherosclerosis and Alzheimerʼs disease. Human apoE, in contrast to other species, exists in one of three major isoforms, designated E2, E3, and E4. Each of these isoforms exhibit isoform-specific effects on atherosclerosis and Alzheimerʼs disease (1, 2) .
ApoE is a 34 kDa glycoprotein, initially noted as a component of plasma VLDL and HDL. It specifically associates with subsets of lipoproteins and this differs by isoform (3) . Although evolutionarily derived from a common soluble apoprotein progenitor gene, apoE has properties that distinguish it from related apoproteins. Its closest structural apoprotein is apoA-I, which is found on bulk HDL and on large triglyceride-rich lipoproteins such as chylomicrons. In the lipid-free state, both proteins form a fourhelix bundle with a more random-ordered hydrophobic C terminus. The N-terminal domain of apoE (residues contains the LDL receptor binding domain and a major heparan sulfate proteoglycan (HSPG) binding domain (both in the vicinity of residues 140-150). The C-terminal domain is believed to be responsible for the initial binding of the protein to lipid.
ApoE is characterized by its wide tissue distribution (4) and function ( Fig. 1) . Some of the protein is degraded prior to secretion, and a portion remains associated with HSPG on the cell surface (5, 6) . While the liver is the major source of plasma apoE, apoE produced by other cell types also contribute to plasma levels. Though plasma apoE may enter these tissues, the fact that expression is sustained in the tissues suggests that the local production must have some unique functional attribute. In this brief review, we outline the role of apoE in lipid transport and discuss other functions attributed to apoE that impact on atherosclerosis and energy homeostasis.
APOE AND PLASMA LIPOPROTEIN HOMEOSTASIS
ApoE is involved in many steps of lipoprotein homeostasis. In the plasma, apoE is associated with VLDL, chylomicron remnants, and a subset of HDL particles. It is a high affinity ligand for the LDL receptor and its family members such as the LDL receptor related protein (LRP1), VLDL receptor, and apoE2 receptor (LPR8). ApoE interacts with these receptors and HSPG promoting the endocytic clearance of plasma lipoproteins, especially VLDL and remnant lipoproteins (5, 7) . The liver is the major site for the clearance of apoE-containing lipoproteins. In addition to its ligand function, apoE can also influence other aspects of lipoprotein metabolism in the plasma. ApoE at high levels restricts VLDL lipolysis, in part by displacing the lipoprotein lipase activator apoprotein CII from the particle (8) . ApoA-I, the premier activator of LCAT, is much less efficient on large HDL particles and apoB-containing lipoproteins where apoE functions as the LCAT activator (9, 10) . ApoE may also influence the activity of hepatic lipase and cholesteryl ester transfer protein (CETP) (11) .
APOE AND TRIGLYCERIDE-RICH LIPOPROTEIN PRODUCTION
ApoE is also implicated on the anabolic side of VLDL homeostasis. High expression levels of hepatic apoE result in a notable increase in VLDL triglyceride secretion (11, 12) . The C-terminal domain is required for the promotion of VLDL triglyceride secretion, particularly the hydrophobic amino acids between residues 260 and 270 (13) . The multiple roles of apoE in VLDL homeostasis are concentration dependent with low levels of apoE sufficient to promote receptor-mediated lipoprotein clearance and higher concentrations required to induce hypertriglyceridemia.
Although hepatocytes and Kupffer cells produce apoE, little attention has been paid to the role of the Kupffer cells in lipoprotein homeostasis. In contrast, intestinal enterocytes do not synthesize apoE. The apoE found on circulating chylomicron remnants is acquired either from other circulating lipoproteins or from other tissues.
APOE AND HDL HOMEOSTASIS
ApoE, like apoA-I, interacts with ABCA1 to generate nascent HDL particles (14) . The C-terminal hydrophobic domain of apoE (residues 222-299) is necessary for its stimulation of ABCA1-dependent cholesterol efflux, so that apoE isoforms interact equivalently. Nascent apoE-HDL particles may also arise following the endocytosis of VLDL by hepatocytes with apoE being retained in early endosomes and recycled to the cell surface (15) . ApoE may move between HDL and postprandial triglyceride-rich particles, probably as a lipid complex. As a consequence, apoE on HDL declines at the height of lipid absorption. While nascent apoE-HDL is produced primarily by hepatocytes or macrophages, the steady-state distribution of apoE among lipoprotein classes is equivalent regardless of the tissue source (7) .
ApoE is found on minor HDL subclasses, including particles in which it is the sole apoprotein and particles that also contain apoA-I. In general, HDL particles containing apoE are larger than apoA-I-containing HDL particles. This may be related to differences in the nature of the amphipathic a-helices impacting on their association with phospholipid so that apoE is better able to accommodate LCAT-mediated core expansion of the HDL (16, 17) . With low levels of hepatic lipase or high peripheral cholesterol load, apoE-rich HDL accumulates in the plasma. The apoE gene is a target of LXRa in nonhepatic tissues. When LXR is activated, enlarged HDL is generated but only in the presence of apoE and this is abrogated by CETP (18) . Hence the HDL accumulating with CETP inhibition or inactive mutants is generally enriched in apoE.
APOE IN THE BRAIN
ApoE plays a significant role in the central nervous system. It is produced in the glial cells, where it functions as a cholesterol transport protein between astrocytes and neurons, especially during growth and repair. As there is limited permeability of the blood brain barrier to intact lipoproteins, endogenous synthesis of cholesterol and this transport protein is important (1) .
APOE INFLUENCES ADIPOSE TISSUE HOMEOSTASIS
Adipose tissue is a repository of stored triglyceride and has important metabolic effects, including influencing glucose homeostasis and atherosclerosis. ApoE is expressed in adipose tissue, primarily in adipocytes, but also in macrophages (19) . Adipose tissue, because of its mass, is a potential source of significant amounts of this apoprotein. ApoE 2/2 mice (19, 20) and genetically obese mice deficient in apoE (20, 21) have lower body-fat deposits and smaller adipocytes than control mice and exhibit higher glucose tolerance and improved insulin sensitivity (21, 22) . VLDL contributes fatty acid to adipose tissues either by lipoprotein lipolysis or by endocytosis. Lipid uptake by adipose tissue is impaired in apoE 2/2 mice (22) . VLDL induces adipocyte differentiation in vitro even in the presence of a lipoprotein lipase inhibitor. The uptake of VLDL from apoE 2/2 mice by adipocytes is promoted by preincubation of the VLDL with apoE (20) , pointing to apoE-mediated VLDL endocytosis. But this is not the only locus of apoE action in adipocytes. Incubating apoE-containing VLDL with apoE-deficient adipocytes does not normalize VLDL uptake, indicating an important role of endogenous apoE production by the adipocytes for normal homeostasis (19) . There appears to be a reciprocal regulation of apoE and adipose tissue homeostasis. Adipose tissue apoE levels decline with obesity and increase with fasting (23) . In addition, PPARg agonists promote and TNFa suppresses apoE synthesis in adipose tissue (24) . The influence of apoE in adipose tissue on body energy homeostasis and atherosclerosis is being actively studied (22, 25) .
LOCAL INFLUENCE OF APOE ON CELLS OF THE ATHEROSCLEROTIC LESION
Reverse cholesterol transport and macrophage expression One of the mechanisms by which apoE is thought to be atheroprotective is by promoting cholesterol efflux from lipid loaded macrophages in the artery wall. ApoE is one of the major proteins secreted by macrophages (6) and bonemarrow transplantation studies indicate that macrophagederived apoE is antiatherogenic (as reviewed in Ref. 26) . ApoE is an LXR target gene in macrophages and thus its expression is up-regulated upon cholesterol loading, likely due to the generation of a cholesterol metabolite that functions as an LXR agonist (27) .
Cell-culture experiments suggest that apoE promotes cholesterol efflux by three distinct processes: ABCA1dependent and ABC-independent processes and an ABCG1-dependent process. These two ABC transporters are LXR target genes. ApoE added to the media interacts with ABCA1 to facilitate cholesterol and phospholipid efflux, generating lipidated apoE (28, 29) . Macrophage synthesis of apoE stimulates cholesterol efflux from cells not loaded with cholesterol but most of this is ABCA1independent (29) . In cholesterol-loaded cells, stimulation of lipid efflux by macrophage apoE is primarily ABCA1dependent (28) . This is likely the predominant pathway in the artery wall. ApoA-I facilitates the formation of buoyant apoE-containing lipoproteins and this involves ABCA1 (28) . In contrast to ABCA1, which promotes efflux to lipid poor apoproteins, ABCG1 promotes efflux to mature HDL particles. ApoE-HDL particles efficiently promote efflux via ABCG1 (9) . ApoE, rather than apoA-I, may activate LCAT on these large HDL particles to promote esterification of the effluxed free cholesterol.
The apoE-containing particles generated by lipid efflux can be cleared from the plasma via the LDL receptor family or the cholesteryl esters in the HDL particles selectively taken into cells via the scavenger receptor class B type I (SR-BI). The selective uptake pathway is impaired in the liver and adrenal glands in apoE 2/2 mice (30). It has been postulated that apoE either on HDL or the surface of cells may facilitate HDL presentation to SR-BI.
Plasma apoE levels ,5% of wild-type levels derived either from macrophages, adrenal gland, or liver is sufficient to reduce atherosclerosis even in the absence of any change in plasma lipid levels (31) (32) (33) (34) . This suggests that the production of apoE by macrophages in the atherosclerotic lesion is not obligatory for atheroprotection. The low levels of plasma-derived apoE are likely functioning as a promoter of macrophage cholesterol efflux or by influencing other functions in the vessel wall ( Table 1) . It is difficult to reconcile these observations with the supposed importance of macrophage apoE production when studied in culture. Using an inducible system, apoE has been shown to provide partial regression of established lesions but only when expressed at physiological levels (35) . Clearly apoE has different functional properties at different levels of expression and more study is required to understand these differences.
SMCs
Smooth muscle cell (SMC) proliferation contributes to postangioplasty restenosis and to atherogenesis. ApoE can inhibit SMC migration and proliferation. There is profound neointima formation in apoE 2/2 mice in the injured carotid artery (36) and femoral artery (37) . In vitro, platelet derived growth factor (PDGF) promotes SMC migration and proliferation. ApoE inhibits both processes but by different mechanisms (36) . SMC proliferation is inhibited by apoE binding to cell surface HSPG, resulting in induction of iNOS gene expression and nitric oxide (NO) formation. The increased level of NO attenuates the increased expression of cyclin D1 stimulated by PDGF, thus inhibiting cellcycle progression. On the other hand, apoE signals through LRP1 to inhibit PDGF promoted SMC migration. The interaction of apoE with LRP1 activates the cAMP/protein kinase A pathway. The effect of apoE on SMC migration is mediated by its receptor-binding domain, though it does not exhibit apoE isoform preferences. Low concentrations of apoE inhibit migration, while higher concentrations are necessary to inhibit proliferation in vitro. Because subphysiologic apoE plasma levels are able to inhibit neointimal formation following femoral artery injury (37) , this suggests that migration is probably the upstream effector in neointimal formation.
The influence of apoE on SMC proliferation is enhanced by the stimulation of the biosynthesis of perlecan HSPG, and its sulfation by apoE and apoE-containing HDL (38) . This may involve apoE stimulation of NO production. The stimulation of HSPG synthesis by apoE may also influence apoE-mediated cholesterol efflux from lipid-laden macrophages (6) .
In addition to the above signaling pathways, apoE, particularly its N-terminal domain, also exerts antimitogenic effects on SMC by stimulating Cox-2 gene expression, leading to increased prostacyclin production, activation of the prostaglandin receptor IP, and decreased expression of the cyclin A gene (39) . Lipid-free apoE is more effective than the lipid associated protein. Whatever receptor mediates this effect, it does not appear to be the LDL receptor, LRP1, or HSPG (40) .
APO E INFLUENCES SEVERAL ASPECTS OF THE INFLAMMATORY RESPONSE

Lymphocytes
ApoE has anti-inflammatory effects on T cells. Harmony and collaborators showed that apoE and apoE-containing lipoproteins inhibit the proliferation of stimulated CD41 and CD81 T cells via a receptor that is distinct from the conventional lipoprotein receptors (as reviewed in Ref. 41 ). ApoE down-regulates the bioactivity of the characteristic T-cell growth factor IL-2. Although not precisely known, the decreased activity of IL-2 likely involves modification of intracellular signaling perhaps involving calcium and phosphatidylinositol.
Antigen-presenting cell
Macrophages derived from apoE 2/2 mice stimulated by exogenous antigen are more effective in the up-regulation of MHC class II and costimulatory molecules CD40 and CD80, with increased IFN-g secretion in responding T cells (42) . In the special case of the activation of natural killer T cells by the presentation of lipid antigen by CD1d, apoE plays an important role in facilitating delivery of the lipid antigen to the antigen-presenting cell (43) .
The inflammatory response
ApoE 2/2 mice are more susceptible to endotoxemia and bacterial infection (11, 41) . Type I inflammatory responses are suppressed by apoE. This is seen as increased production of the proinflammatory cytokines TNF-a, IL-6, IL-12, and IFN-g in apoE 2/2 mice in response to LPS, a Toll-like receptor (TRL) 4 agonist, that was not due to the effects of the hyperlipidemia per se (44) . The LPSinduced increase in IL-12 and TNF-a was suppressed by liver-specific expression of apoE. ApoE also suppresses TLR3-mediated up-regulation of IL-12 synthesis, but not up-regulation mediated by other TLR. ApoE has also been shown to interrupt IL-1b signaling in vascular SMCs by preventing IRAK-1 phosphorylation and its complex formation with TRAF-6 (45) . LRP1 stimulation of protein kinase A activity appears to mediate this inhibitory effect of apoE.
Antioxidant capacity
In vitro, apoE has been shown to protect LDL against oxidation (46) and this appears to involve its receptorbinding domain (47) . The high levels of oxidized phos- pholipids in the plasma of chow fed apoE 2/2 mice (48), and the significantly reduced levels of isoprostanes in LDL receptor deficient mice with hepatic overexpression of apoE (49) are consistent with apoE exerting an antioxidant role in vivo.
CONCLUSIONS
It is clear from this brief review that apoE is a multifunctional protein that has an impact on pathophysiology at many locations in the organism. We have not even discussed the influence of apoE on apoptosis, platelet aggregation, endothelial cells, and the homeostasis in endocrine organs and have barely touched the differential effect of apoE isoforms on these functions. Some of the actions of apoE affect lipoprotein and lipid homeostasis. Some actions are properties of lipid-poor or free apoE. ApoE has several well-defined domains, and some of its properties are distinguished from one another by the requirement for one or other domain. It is also clear from several in vivo studies that some of the functions of apoE require low or modest levels of the protein. The precise mechanisms of action of these highly sensitive effects of apoE have yet to be clarified. Thus in interpreting the effects of apoE detailed account of its lipidation state, its concentration and its location of action must be carefully considered. The apoE-deficient murine model of atherosclerosis is widely employed. The multitude of actions of apoE in local tissues and as a lipidfree apoprotein should alert one to the importance of studying other models of atherosclerosis before resorting to generalizations about widely applicable mechanisms of atherogenesis.
